We used a reaction-time pvrdbp to examine the extent to which motion detection depeods 08 relative motion. In tbe absence of rehtive moth the respoases couhlbedescribedbyishnglemmklbased on tbe detection of a fixed c&asp ia position. If relative motion was grepent, the v&d be modelled using characteri& of motion detectors. Comparing reaction times wbeo rehtive and absolute velocity are eqoal with oaes wben relative velodty is twice the &solute velocity reveals that these detectors measure relative moth.
INTRODUCTION
In the study of motion perception, many authors use a fixation point to suppress eye movements. Apart from defining the orientation of the eye, and thus the retinal slip caused by the stimulus, this ilxation point also serves as a visual reference. Thus, the use of a fixation point makes it irrelevant whether motion is perceived relative to the retina, to the head, or to an external frame of reference (the fixation point).
Brenner (1991) showed that when motion relative to our head is in con&t with that relative to a visual reference, we rely on motion relative to the visual reference. We recently showed (Brenner & Smeets, 1993) that position (relative to ourselves) and velocity (relative to a visual reference) are perceived independently. Without relative motion, we probably must rely on our perception of changes in position (using non-retinal information) to detect that an object has moved. The distinction between motion and change of position has been discussed for over a century (Exner, 1888 ).
An interesting example of the importance of: the distinction between (relative) motion and change of (absolute) position can be found in two models proposed to explain why reaction time to movement onset depends on stimulus velocity. Based on experiments on the onset of optokinetic nystagmus in rabbits, Collewijn (1972) proposed a model based on the detection of a fixed change of position. On the other hand, van den Berg and van de Grind (1989) described human reaction times [measured by Tynan and Sekuler (1982) based on characteristics of bilocal motion detectors. Each model fits the data the authorstried to explain, and performs worse on the other set.
Apart from the dtierent species and motor systems studi&, an important d&rence between the two experiments is that the rabbits in Collewijn's (1972) experiment had no visual reference, whereas the human subjects in Tynan and Sekuler's experiment had a fixation point. We hypothesize that the difference between absolute and relative motion is responsible for the outcomes leading to the different models.
To test this hypothesis, we determined reaction times to motion onset for various velocities of the target. We compared reaction times for stimuli with only absolute motion of the target to those for stimuli with target motion relative to a background, which was either static or moving.
METHODS

Experimental set -up
Nine colleagues, who were aware of the purpose of the experiment, served as subjects. They sat in front of a large screen with their arm resting on a table. The stimulus [see Fig. l(a) ] consisted of a red background (a high contrast random pixel array, 8 x 8") and a green target (a 0.1" radius disk). Both the background and the target were projected via servo-controlled mirrors onto the screen. The mirrors allowed us to move both patterns independently in the horizontal direction. The red pattern was covered in the area through which the green dot could move, so that no change of contours was visible. Motion of the arm was recorded by means of an infra-red marker taped to the wrist and an Optotrak motion analysis system (Northern Digital Inc.). The same system also recorded the movement of the mirrors. Subjects were instructed to lift their arm as soon as they saw the green spot move. They knew that there were three possible stimuli [see Fig. l(b) ]: the background could remain static (normal relative motion), or move with the same speed as the target, either in the same direction as the target (no relative motion) or in the direction opposite to the target (double relative motion).
A warning tone was given 500-IOOOmsec before the target started to move.
For each trial, data were collected at 500 Hz for 1500 msec, starting 300 msec before the target motion onset. Seven target velocities were used (0.28-17.8 deg/sec), each with the three above mentioned relative motion conditions. The 21 possible stimuli were presented in random order. A pilot experiment showed larger variability in reaction time for low target velocities. We therefore used a different number of trials for each target velocity, increasing with one trial with each velocity step from three trials for the fastest to nine trials for the slowest target. This resulted in similar standard errors for all target velocities.
In a previous study (Brenner & Smeets, 19931 , we found that the velocity of the hand hitting a moving target depends on the velocity of the target. As the response-delay of a device with a fixed threshold (like a switch) depends on the speed at which the hand starts to move (see e.g. Anson, 1989) , a more precise method was used to determine the reaction time. The onset of motion of both the arm and the mirrors were determined from the position data after low-pass filtering with a fourthorder Butte~orth filter ~Ackroyd~ 1973). The filter was applied in both forward and backward direction to prevent phase shift, with an effective cut-off frequency of 100 Hz. The latency of motion onset was defined as the last sample on which the velocity differed by less than one standard deviation from the value during the first 300 msec. The reaction time was defined as the difference between the measured onset of motion of the hand and that of the mirror, To eliminate responses not correlated to the visual stimulus, trials with a reaction time c 125 msec, or a reaction time more than three times the average reaction time for that condition were excluded from further analysis. If the subject did not respond within the 1200 msec during which data were collected a reaction time of 1200 msec was scored. This occurred six times, all at the lowest stimulus velocities. For all stimulus conditions, at least 90% of the trials could pass these criteria.
Two models were used to described the ex~~mental data. The first one (position model) was proposed by Collewijn fI972). According to him, the reaction time (RT) is the sum of a stimulus independent time RT, (required for neural processing and transportation) and the time it takes the stimulus {with an angutar vetocity v) to cover a certain angular distance d on the retina:
The second model (velocity model) was proposed by van den Berg and van de Grind ( 1989) . They also assume a stimulus independent part (R&J, but instead of the duration of the displacement over a fixed distance a, they use the delay r of a bifocal motion detector. This delay depends on the detector's tuning velocity v : z = z&v0 Jv ) with r, and v0 being the delay and tuning velocity of a certain detector. If we substitute the constant c for roJv o, this yields for the reaction time:
The experimentally testable difference between the two models is the linear vs square-root dependence on the reciprocal velocity. After calculating the mean reaction time and its standard error (averaged over all subjects) for each stim~us condition, we fitted both the position model and the velocity model to the data [Levenberg-Marquardt method (Press, Flannery, Teukolsky & Vetterling, 198711 . We did so separately for each relative motion condition. Two parameters were adjusted by the fitting procedure: RT, and c or d. Fig. 2 we plot the reaction time, averaged over all trials of all subjects, as a function of the target velocity. The three symbols portray the different motion relative to the background. It is directly clear that motion of the background changes the reaction time: motion of the background in the same direction as the target (no relative motion) increases the reaction times to low stimulus velocities dramatically, whereas motion of the background in the direction opposite to the target (double relative motion) decreases these reaction times. The reaction times for targets in the double relative motion condition are similar to those for targets with double the velocity in the normal relative motion condition, so the velocity relative to the background seems to determine RT (see Fig. 3 ). The results of the fits of both models for each condition are shown in Table 1 .
RJCWLTS En
For two conditions, the data differ significantly from the best fit of one of the models: the position model cannot fit the CriaIs with double relative motion, and the velocity model cannot fit the trials without relative motion. For the trials with normal relative motion, the velocity model performs better than the position model.
The fits of the velocity model to the two conditions with relative motion yield approximately the same values for RTo, whereas the values for c clearly differ. These values are obtained assuming that v in equation (2) indicates the (retinal) target velocity. If we assume that the velocity detectors measure relative motion instead of absolute (retinal) motion, we can fit equation (2) again to the data with relative motion, This fit yields RT, = 197 and e = 80, with x2 = 4.9. In Fig. 3 , the data of the conditions with relative motion are plotted as a function of the velocity of the target reIative to the background.
Our suggestion that motion detectors determine the RT for the conditions with normal and double relative motion, whereas detection of a change in position does so when there is no relative motion, yields a prediction for RT,,. Assuming that its value is independent of the stimulus, RT, should be equal for all conditions. The obtained vafues for RT, are indeed approximateIy equal for the best fits (the position model for the condition without relative motion and the velocity model for the two conditions with relative motion),
The results of the experiment can thus be described by a vel~ity-ind~ndent processing time fRTo = 194 msec), a function for the delay for detectors of relative motion (z = 8O/~v msec), and a critical distance of 0.15 deg for detection of displacement. We can rxxripare our results with those of several other studies. Tynan and Sekuler (3982) used a moving stimuIus and a fixation point in their reaction-time experiment. Their subjects therefore always saw relative motion, so that we would expect the velocity model to fit their data better than the position mod& This is indeed the ease: as in our ~~~~rn~~~ witfi m2rmaI refative motion, the velocity model fits the data considerabiy better (smaller xa) than the position model. From a study on the perception of motion in noisy random pixel arrays (retative to a Gxation point), van Doom and Koenderink (I 982) reported 8 delay of motion detectors of: z = 89 II -".4 msec. Although they used a totaily different paradigm, this result is very similar to what we find in our study (see Fig. 3 ).
GeBmaa and Carl ($991) rneas~~ saccadic latency to a ramp displament of a point target without visual reference. According to our hypothesis, their experiment tested the detection of ~absolute) disp~a~meut. To model their results, they indmd used the modei of equation (1). This yielded a value for d of 0. i4 deg, which, is almost identical to the value we find. Fitting the velocity model to their data results in a considerably worse fit.
One can expe& that the d~s~~a~~eut de&&on threshold d is related to the normal variability in the position at which we direct our eyes. Collewijn, Ferman and van den Berg (1988) reported that the standard deviation of hor~o~ta~ eye position for subjects fixating a target on a random-dot background with the head fixed is 0.18 deg. Ferman, Collewijn, Jansen and van den Berg (1987) reported a standard deviation of the gaze of 0.11 deg for subjects fixating a spot without a ba~k~onnd whife keeping their (free) head more or Iess stationary. These two ex~e~ments yieid values for the stability of gaze in the same range as our value for d. The position model has one complicating factor. It assumes an (infinitely) long memory for position. Hansen and Skavenski (1977) , however, showed that memory of eye position degrades within a few hundreds of milliseconds. This is probably an explanation for the (too) long reaction times for the slowest stimulus, and therefore for the systematic deviations between the values predicted by the position model and our measurements. As a consequence, the position model fits the data with relative motion better than the data without relative motion (see Table 1 ).
We can summarize our results (and those of other reaction-time experiments) as follows: if subjects are asked to react to motion onset, they will respond as soon as relative motion detectors are stimulated, or the target position changes to an extent that results in a larger retinal displacement than would arise from the natural variability in the direction of gaze.
